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Abs t rac t  
A new technique f o r  making i n  situmeasurements 
o f  aerosol  p a r t i c l e s  i n  t h e  submicron s i z e  range has 
been inves t i ga ted .  Making use of  the  broadening of  
a monochromatic l a s e r  l i n e  due t o  random p a r t i c l e  
motion, t h e  technique has been shown t o  be s u i t a b l e  
f o r  measurements of  p a r t i c l e  s i z e  i n  h igh  tempera- 
t u r e  environments. 
P a r t i c l e  diameters were measured i n  an ace t -  
y leneloxygen flame and at tempts a re  be ing  made t o  
app ly  the  technique f o r  use i n  aluminum-oxygen 
flame. P a r t i c l e  s i z e  was determined as a func t ion  
of  m ix tu re  r a t i o  and h e i g h t  above a f l a t - f l ame 
burner which was operated as a premixed acety lene/  
oxygen/ni t rogen flame. 
from 40 t o  250 nm as he igh t  above the  burner v a r i e d  
from 0.5 t o  3.0 cm. L i t t l e  v a r i a t i o n  was found as 
a r e s u l t  of  m ix tu re  r a t i o  changes. 
found t o  have l a r g e  g rad ien ts  i n  p a r t i c l e  s i z e  on a 
sca le  comparable w i t h  the  measurement volume (1 mm31 
Sizes measured from e l e c t r o n  microscope photographs 
of  soot o a r t i c l e s  c o l l e c t e d  from the  f lame showed 
Sizes were found t o  vary  
The flame was 
reasonaole agreement h i m  tnose talc-lated f r o m  
s c a t t e r i  ng rreasurements. 
The r e s u l t s  of  t h i s  s tudy  have demonstrated the  
u t i l i t y  of  the  technique f o r  de termina t ion  o f  mean 
submicron p a r t i c l e  s i zes  and have po in ted  t h e  way 
toward methods f o r  improvements t o  y i e l d  p a r t i c l e  
s i z e  d i s t r i b u t i o n s ,  as w e l l .  
u 
I n t r o d u c t i o n  
The format ion of  p a r t i c u l a t e s  i n  s o l i d  rocke t  
motors i s  impor tan t  from two s tandpo in ts :  i n  t h e  
combustion zone p a r t i c u l a t e s  can a l t e r  p r o p e l l a n t  
burn ing  ra tes  and r a d i a t i v e  heat  t r a n s f e r  whichhave 
a d i r e c t  e f fec t  on combustor design; i n  the  exhaust 
plume p a r t i c u l a t e s  a re  a p r imary  cause o f  nozz le  
r a d i a t i v e  heat ing ,  two-phase f low energy losses,and 
plume v i s i b i l i t y .  I n  o rder  t o  develop improved 
smokeless p rope l l an ts ,  fundamental research has 
been i n i t i a t e d  t o  determine t h e  phys i ca l  mechanisms 
t h a t  occur i n  condensation processes. 
rence of alumina (Al203) condensation i n  rocke t  
motors. i n  D a r t i c u l a r .  cannot v e t  be adeauatelv 
The occur-  
p red ic ted .  ' T o  exper imen ta l l y  &udy t h e  A1203 i o n -  
densat ion processes, t he re  i s  a d i r e c t  need t o  
develop and app ly  d iagnos t i c  techniques f o r  mea- 
surement of  p a r t i c u l a t e s  i n  the  e a r l y  stages o f  
formation, i . e .  sub-micron s izes .  
H i s t o r i c a l l y ,  sampling probes have been used 
t o  c o l l e c t  p a r t i c l e s  o f  i n t e r e s t  which a re  viewed 
us ing  e l e c t r o n  microscopes. 
ous because t h e  c o l l e c t i o n  process promotes par -  
t i c l e  agglomeration due t o  t h e  e l e c t r o s t a t i c  
charges on t h e  p a r t i c l e s .  I n  o rder  t o  study the  
nuc lea t i on  and agglomerat ion processes, i n  s i t u  
Resu l ts  can be ambigu- 
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s i z i n g  tecnniq-es are req - i red .  
program, a new o p t i c a l  d iagnos t i c  techniqJe, 
I n  t n i s  research 
D i f f us ion  Broadening Spectrocopy, i s  used t o  perform 
i n  s i t u  s i ze  measurements o f  submicron p a r t i c u l a t e s .  
Research Ob jec t i ves  
The aoal o f  t h i s  research Droaram has been t o  
make i n  s i t u  measurements o f  mean p a r t i c l e  diameters 
i n  t h e  1.0-100 nm s i z e  range i n  f l ow ing ,  h igh  tem- 
pe ra tu re  gases. The d iagnos t i c  technique se lec ted  
f o r  t h i s  Droaram was D i f f u s i o n  Broadenins SDectros- 
copy. 
l a t e  p r o p e r t i e s  and prov ides  l o c a l  s b m i l l i m e t e r  
The DES technique i s  independent of p a r t i c u -  
s p a t i a l  r e s o l u t i o n .  Hinds and R e i s t  Y have demon- 
s t r a t e d  the  f e a s i b i l i t y  o f  us ing  DBS f o r  submicron 
spher i ca l  p a r t i c l e  s i ze  measurements. Penner, 
Bernard and Jerskey2 f i r s t  a p p l i e d  t h e  DBS techn ique 
t o  f l o w i n g  gases f o r  the  case o f  an ethylene-oxygen 
flame. 
A secondary goal  o f  t h i s  program was t o  c rea te  
s o l i d  D a r t i c u l a t e  aeroso ls  w i t h  s o e c i f i c  DroDer t ies  
t o  be k e d  i n  the  v a l i d a t i o n  of  the  exper imental  
measurement technique. The aerosol  had t o  be as 
monodisperse as poss ib le ,  w i t h  p a r t i c l e  mean diam- 
e t e r  i n  t h e  ,001 t o  0.1 um range. The aeroso l  
should be u n i f o t m l v  d i s t r i b u t e d  i n  a steadv. h iah  ., ~~ . . . -  ~~ ~~~~ ~~~. 
temperature (500 O K  - 2500 OK) gas f low.  
cond i t i ons  a r e  d i f f i c u l t  t o  achieve and have been 
The aGove 
most c l o s e l y  r e a l ' z e d  by us ing  s p e c i a l l y  designed 
burner  p rov ided carbon p a r t i c l e s  i n  the  des i red  s i z e  
range. An aluminum-oxygen flame was l a t e r  used t o  
p rov ide  alumina p a r t i c l e s .  
gated by per fo rming  the  fo l l ow ing :  ( a )  S c a t t e r i n g  
angle was t o  be v a r i e d  and r e s u l t s  compared t o  DES 
theory .  (b )  Measurement l o c a t i o n  i n  t h e  f lame was 
t o  be v a r i e d  t o  see i f  p a r t i c l e  s i z e  inc reased w i t h  
h e i g h t  above t h e  burner.  
photographs o f  sampled p a r t i c u l a t e s  were t o  be used 
t o  determine i f  DES r e s u l t s  were reasonable, and 
( d )  t h e  f e a s i b i l i t y  of measuring the  geometr ic 
standard d e v i a t i o n  o f  the  p a r t i c l e  s i z e  d i s t r i b u t i o n  
was inves t i ga ted .  
l a b o r a t o r y  f lames 3 . An acetylene-oxygen f l a t  flame 
V a l i d i t y  of  t h e  DBS r e s u l t s  was t o  be i n v e s t i -  
( c )  E lec t ron  microscope 
D i f f u s i o n  Broadening Spectroscopy-Theory 
The use o f  t h e  DES technique f o r  p a r t i c l e  s i z e  
measurements i s  now descr ibed. 
f i r s t  demonstrated the  f e a s i b i l i t y  o f  DBS f o r  use i n  
s t a t i o n a r y  aeroso ls .  Using concepts f i r s t  proposed 
by Benedek4, Hinds and R e i s t  developed a theo ry  f o r  
monodisperse aeroso ls  and descr ibed e f f e c t s  of aero- 
so l  p o l y d i s p e r s i t y .  
exper imental  r e s u l t s ,  t heo ry  and e l e c t r o n  microscope 
measurements were found f o r  c o n t r o l l e d  monodisperse 
aeroso ls  o f  l a t e x  spheres i n  t h e  range 500 t o  1,100 
nm. 
Hinds and R e i s t l  
Good agreement between 08s 
Penner. Bernard and Jerskev2 l a t e r  i nc luded  
t n e o r e t i c a l  ' e f f e c t s  of  gas f l o w - v e l o c i  t y  and deinon- 
s t r a t e d  tne f e a s i o i l i t y  o f  DES a p p l i c a t i o n  t o  an 
ethylene-oxygen f lame. 
Copsrighl 0 Amerirsn Inslilutenf A e i o n m l i ~ ~  and 
Aslronaulier, Inc.. 1980. All riehls rocwcd. 
When l a s e r  l i g h t  i s  s c a t t e r e d  by submicron 
aerosol  p a r t i c l e s ,  Brownian mot ion g ives  r i s e  t o  
f requency f l u c t u a t i o n s  o f  t h e  s c a t t e r e d  l i g h t .  
broadening o f  t h e  s c a t t e r e d  l i n e  p r o f i l e  can be 
measured, from which t h e  p a r t i c l e  d i f f u s i o n  coef- 
f i c i e n t  can be i n f e r r e d .  Mean p a r t i c l e  diameter i s  
determined from t h e  Stokes-E ins te in  d i f f u s i o n  r e l a -  
t i o n ,  m o d i f i e d  f o r  l a r g e  Knudson number ef fects.  
Small p a r t i c l e s  undergoing r a p i d  Brownian mot ion 
cause g r e a t e r  broadening than l a r g e  p a r t i c l e s ,  thus 
t h e  measured power spectrum o f  l i g h t  f l u c t u a t i o n s  
can be r e l a t e d  t o  a mean p a r t i c l e  diameter. 
The 
Consider two p a r t i c l e s  t h a t  a r e  t r a v e l l i n g  
through a focused s u b m i l l i m e t e r  l a s e r  beam w i t h  
equal average d i r e c t e d  v e l o c i t i e s  U, b u t  w i t h  oppo- 
s i t e  instantaneous components of  random v e l o c i t y .  
I n  general ,  r a d i a t i o n  s c a t t e r e d  from moving p a r -  
t i c l e s  w i l l  be Doppler s h i f t e d  by  an amount A f  
g iven  by:  - 
(1) - _  A f  - v . (Fs - Fi) f c  
where u n i t  vec tors  Fs and Fi are  i n  t h e  s c a t t e r e d  
and i n c i d e n t  r a d i a t i o n  d i r e c t i o n s ,  r e s p e c t i v e l y ,  
v e c t o r  V i s  t h e  p a r t i c l e  v e l o c i t y ,  c i s  t h e  veloc- 
i t y  o f  l i g h t ,  and f i s  t h e  l a s e r  frequency (on t h e  
o r d e r  o f  1014 Hz). The homodyne power spectrum 
r e s u l t i n g  f rom many s c a t t e r i n g  centers  s imu l tan-  
eous ly  passing through t h e  foca l  volume has been 
shown t o  have a L o r e n t z i a n  p r o f i l e l .  
(HW) o f  t h e  power spectrum f o r  t h e  case of  a s t a -  
t i o n a r y ,  monodisperse aerosol  whose s i z e  i s  much 
g r e a t e r  than t h e  molecu la r  mean f ree  pa th  i s  g iven  
16nD sin2 by: 
where e i s  t h e  s c a t t e r i n g  angle, h t h e  wavelength 
and D t h e  p a r t i c l e  d i f f u s i o n  c o e f f i c i e n t ,  descr ib -  
i n g  t h e  mean squared l e n g t h  t r a v e l l e d  by a p a r t i c l e  
per  u n i t  t ime, 
based on p a r t i c l e  diameter approaching zero, t h e  
Stokes-E ins te in  d i f f u s i o n  c o e f f i c i e n t  i s  g i v e n  by 
The h a l f w i d t h  
( e / 2 1  (2 )  HW = -
A2 
For t h e  case o f  Reynolds number 
D = kT ( 1  t 1.648 ?4d)/3nud (3 )  
which i s  v a l i d  f o r  e i t h e r  t h e  molecu la r  mean f r e e  
pa th  e l e s s  than p a r t i c l e  s i z e  d or,  as i s  more 
t y p i c a l l y  t h e  case, g r e a t e r  than d. Thus, t h e  
homodyne power spectrum h a l f w i d t h  i s  g iven  by: 
4n 9 ' KT 
h HW = - s i n  - (1 + 1.648 $) (4)  3n pd 
The measurement o f  t h e  homodyne s p e c t r a l  h a l f w i d t h ,  
combined w i t h  knowledge of  l o c a l  gas temperature T 
and v i s c o s i t y  U, y i e l d s  a unique va lue  o f  p a r t i c l e  
s i z e  i n  a s t a t i o n a r y ,  monodisperse aeroso l .  
t h e  focal  volume dimension can a l s o  broaden t h e  
homodyne spectrum. 
a t ime v a r y i n g  Doppler s h i f t  of  t h e  o p t i c a l  spec- 
trum, b u t  has no e f f e c t  on t h e  measured homodyne 
spectrum. The homodyne spectrum i s  a f fec ted  o n l y  
by v e l o c i t y  v a r i a t i o n s  s imu l taneous ly  de tec ted  
w i t h i n  t h e  f o c a l  volume. The p a r t i c l e  s i z i n g  tech-  
n ique i s  thus i n s e n s i t i v e  t o  tu rbu lence and mean 
f low g r a d i e n t s  p r o v i d i n g  t h a t  t h e  focal volume i s  
s i g n i f i c a n t l y  s m a l l e r  than t h e  sca le  of  l o c a l  ve- 
l o c i  t y  v a r i a t i o n s .  
I n  a d d i t i o n  t o  t h e  homodyne spectrum, a h e t e r -  
odyne spectrum centered i n  t h e  Megahertz range can 
be produced by o p t i c a l  m i x i n g  of  two coherent l a s e r  
Turbulence t h a t  occurs on a s c a l e  l e s s  than 
Larger  s c a l e  tu rbu lence causes 
beams a t  t h e  f o c a l  p o i n t .  The heterodvne soectrum 
a r i s e s  from t h e  doppler s h i f t  due t o  t h e  mean f l o w  
v e l o c i t y  and i s  employed i n  l a s e r  doppler velocim- 
e t r y  techniques. Thus t h e  average f l o w  v e l o c i t y ,  
average Brownian mot ion v e l o c i t y  and mean p a r t i c l e  
s i z e  can be measured by s imultaneously r e c o r d i n g  
t h e  homodyne and heterodyne spectra.  
Apparatus and Data Reduction 
A photograph of t h e  actylene-oxygen flame i s  
shown i n  F i g .  1. A f l a t  f lame burner  p rov ided a 
r e l a t i v e l y  un i fo rm and s t a b l e  premixed f l a t  flame. 
The burner surface c o n s i s t e d  of  bundled copper rods 
between which t h e  premixed acety lene (C2H2). n i t r o -  
gen and oxygen flowed. The 1-118 i n .  d iameter 
burner surface was surrounded by an annu lar  f l o w  of 
n i t r o g e n  t o  s t a b i l i z e  t h e  f lame. 
r a t u s  was water  cooled. 
l a t e d  and measured. 
was 100 m i l l i w a t t  He Ne l a s e r  beam which was s p l i t  
i n t o  two beams and focused t o  i n t e r s e c t  a t  t h e  
f o c a l  volume, a l l o w i n g  s c a t t e r i n g  t o  be observed a t  
250 and 600 from t h e  i n c i d e n t  beam. A c o l l e c t i n g  
l e n s  of  15.2 cm focal  l e n g t h  was used t o  focus t h e  
enlarged (3X) image of  t h e  focal  volume on t h e  sur -  
face o f  an RCA 4832 p h o t o - m u l t i p l i e r  tube. 
i n t e r f e r e n c e  f i l t e r  cen tered  a t  532.8 nm w i t h  a 
measured h a l f w i d t h  of  1.65 nm was used t o  b lock  
flame emission. 
t o  ground through a 0.1 Mn r e s i s t o r ,  p r o v i d i n g  a 
frequency response o f  50 KHz. 
was observed on a T e k t r o n i x  465 o s c i l l o s c o p e  and 
315 Spectrum Analyzer, and was recorded as FM on 
analog tape a t  50 i n .  p e r  sec ( i p s ) .  
Recorded data were analyzed u s i n g  a d i g i t a l  
spectrum ana lyzer  (Spec t ra l  Dynamics 360-35), which 
d isp layed t h e  r e a l  t ime power spectrum, a l l o w i n g  
t ime v a r i a t i o n s  i n  t h e  spectrum t o  be observed. 
Data were rep layed a t  15 i p s ,  h i g h  pass f i l t e r e d  a t  
1 KHz ( r e a l  t ime)  and sampled a t  a 16 KHz sample 
r a t e .  Each comouted Dower soectrum was determined 
The e n t i r e  appa- 
Gas f l o w  r a t e s  were regu- 
The l i g h t  source, shown schemat ica l l y  i n  F ig .  2 
An 
P h o t o m u l t i p l i e r  c u r r e n t  was passed 
The a m p l i f i e d  s i g n a l  
f rom 2.5 x 105 data p o i n t s .  'Bandwidth o f  t h e  e n t i r e  
data a c q u i s i t i o n  system was 25 KHz. 
r e d u c t i o n  f o r  each run, system accuracy was checked 
P r i o r  t o  data 
u s i n g  a c a l i b r a t i o n  square wave, whose power spec- 
t rum c o n s i s t s  o f  peaks a t  odd m u l t i p l e s  o f  t h e  
square wave frequency, w i t h  an f - 2  r o l l o f f .  
Resu l ts  and Discussion 
f i r s t  i n  t h i s  study because s o o t  format ion i n  such 
Carbon aerosol  measurements were at tempted 
flames i s  w e l l  dochented5.  
t i v e l y  steady and monodisperse submicron aerosol  i s  
a d i f f i c u l t  task  and cannot be f u l l y  achieved w i t h  
Produc t ion  of  a r e l a -  
an ace ty lene flame. However, t h e  DES technique 
cou ld  be t e s t e d  by: (a)  v a r y i n g  t h e  s c a t t e r i n g  
ang le  and comparing r e s u l t s  w i t h  theory,  (b )  v a r y i n g  
measurement l o c a t i o n  i n  t h e  flame and (c )  comparing 
r e s u l t s  w i t h  e l e c t r o n  microscope photographs o f  
carbon sampled from t h e  f lame. 
I n  t h i s  flame. flame emission was so i n t e n s e  
t h a t  p roper  al ignment of t h e  o p t i c a l  system was 
c r u c i a l  t o  o b t a i n i n g  s u f f i c i e n t  s c a t t e r i n q  s i q n a l -  
to -no ise .  
t h i s  study prov ided a t y p i c a l  s igna l  t o  f lame emis- 
s i o n  r a t i o  o f  25 and s i g n a l  t o  shot  no ise  r a t i o  of  
40. W i t h i n  0.5 cm o f  t h e  burner surface, however, 




t he  sca t te red  s igna l  b a r e l y  exceeded f lame emission, 
making measurement o f  t he  smal les t  p a r t i c l e s  d i f f i -  
c u l t .  
Proper focuss ing  was found t o  be c r i t i c a l  f o r  
op t ima l  s c a t t e r i n g  s i g n a l  t o  flame emission s igna l .  
A 0.5 mm p inho le  was d r i l l e d  i n  the  back s ide  o f  
t h e  phototube mount, a l l o w i n g  a d i r e c t  v i s u a l  l i n e  
of  s i g h t  down t h e  o p t i c a l  c o l l e c t i o n  a x i s  when the  
phototube i s  removed. A second l a s e r  beam was used 
t o  p rov ide  s c a t t e r i n g  a t  a d i f f e r e n t  ang le  (60° )  
than the  f i r s t  ( 2 5 O ) ;  i t  was a l i gned  t o  i n t e r s e c t  
t he  f i r s t  beam a t  t h e  measurement l o c a t i o n .  A 
l i q u i d  aerosol  was then sprayed through t h e  mea- 
surement l o c a t i o n  and each beam was focused and 
rea l i gned  separa te ly .  When the  beam was o u t  o f  
focus, a one m i l l i m e t e r  diameter column o f  s c a t t e r -  
ed l i a h t  aDDeared when v iewina  throuah t h e  Dinhole.  
ii 
Proper focus caused t h e  c o l l e c t i o n  l ens  t o  appear 
completely red, i . e .  t h e  l a s e r  beam f i l l e d  t h e  
e n t i r e  c o l l e c t i o n  s o l i d  angle. Poor s i g n a l  t o  
no i se  r e s u l t s  from dev ia t i ons  from bes t  focus be- 
cause the  l a s e r  beam t ransmiss ion  s o l i d  ang le  f i l l s  
o n l y  a f r a c t i o n  of  t h e  t o t a l  c o l l e c t i o n  s o l i d  
angle,  t h e  remainder be ing  f i l l e d  w i t h  f lame emis- 
s ion .  
sca t te red  l i g h t  f o r  t h e  des i red  acetylene-oxygen 
flame cond i t i ons .  Through t h e  p inho le ,  t h e  f lame 
background was b a r e l y  v i s i b l e  w i t h  the  l a s e r  off. 
Wi th  the  l a s e r  on, t h e  c o l l e c t i n g  l ens  appears 
f i l l e d  w i t h  l a s e r  sca t te red  l i g h t ,  and t h e  photo- 
tube apera ture  i s  c losed t o  focus on o n l y  t h e  cen- 
t r a l  p o r t i o n  o f  t h e  beam. 
l y  des i rab le .  
v i s u a l l y  t o  be steady. 
was r e l a t i v e l y  steady, w i t h  
t i o n s  a t  f requencies o f  5-15 Hz. However, t he  
i n t e n s i t y  o f  sca t te red  l a s e r  l i g h t  was n o t  as 
steady. Regions con ta in ing  g rad ien ts  i n  f lame 
emission o s c i l l a t e d  i n  space over a d is tance o f  
1 mm. Th is  o s c i l l a t i o n  was s u f f i c i e n t  t o  observe 
10-100 Hz changes i n  sca t te red  l i g h t  emission, 
which a t  t imes dropped t o  zero  when few p a r t i c u -  
l a t e s  passed through t h e  f o c a l  volume. The i n t e r -  
m i t t e n t  na tu re  o f  t he  aerosol  occurrence made data 
F i n a l  focus was ob ta ined by v iewing  t h e  
Steady flame cond i t i ons  were found t o  be h igh-  
The measured f lame emission 
The acetylene-oxygen flame appeared 
10% i n t e n s i t y  v a r i a -  
v 
reduc t ion  more d i f f i c u l t  and in t roduced s c a t t e r  i n  
t h e  r e s u l t s .  Flame o s c i l l a t i o n s  were observed t o  
be due t o  room a i r  cur ren ts ,  which cou ld  n o t  be 
e l im ina ted .  A t  s t o i c h i o m e t r i c  cond i t i ons  w i t h  no 
p a r t i c l e  formation, s t a b l e  flame cond i t i ons  
occurred. 
acetylene-oxygen f lame and t o  l i m i t  o s c i l l a t i o n s  o f  
carbon producing reg ions  t o  l ess  than 1 mm, an 
enclosed f lame apparatus i s  necessary. 
p lug  burner  i s  a l s o  necessary t o  e l i m i n a t e  g r a d i -  
en ts  t h a t  occur  w i t h  our  m u l t i p l e - h o l e  burner.  
However, flame o s c i l l a t i o n s  t h a t  do occur do n o t  i n  
any way a f fec t  t h e  measurement technique i t s e l f ,  
s i nce  a l l  s i g n a l  f l u c t u a t i o n s  of  frequency l e s s  
than 1 KHz a re  f i l t e r e d  o u t  d u r i n g  da ta  reduc t ion .  
I t  was concluded t h a t  t o  operate a r i c h  
A porous 
A t y p i c a l  power spec t ra  of  t h e  phototube s i g -  
n a l  a r e  shown i n  F ig .  3. Each power spectrum i s  
ob ta ined by F o u r i e r  Transforming 2.56 x 105 d i a i t a l  
da ta  Do in ts .  The recorded analoa Dhototube s i q n a l  
was sampled a t  16 KHz; data was h igh  pass f i l t e r e d  
a t  1 KHz. Shot no i se  i s  observed t o  be n e g l i g i b l e  
s ince  t h e  power spectrum asymptotes t o  zero a t  
v high  frequencies.  Use o f  an analog spectrum ana- 
l y z e r  d i r e c t l y  a t tached t o  the  phototube d i d  n o t  
prove feas ib le  s ince  i t  d i d  n o t  a f fo rd  t h e  averag- 
i n g  c a p a b i l i t y  o f  d i g i t a l  processing. Assuming a 
Lorentz  l i n e  shape the  power spectrum ha l fw id th  (HW) 
was determined from the  r e l a t i o n :  
where MHW i s  t h e  measured h a l f w i d t h  ( i .e.  t he  f r e -  
quency a t  which t h e  power spectrum has decreased t o  
one h a l f  t h e  maximum measured va lue) ,  f i s  the  
f i l t e r  frequency (1  KHz), and HW i s  t he  ac tua l  h a l f -  
w i d t h  o f  an u n f i l t e r e d  Lo ren tz ian  curve centered  a t  
zero  frequency. 
Mean o a r t i c l e  diameters. shown i n  F ia .  4. were 
determined' from the  measured'HW o f  t h e  p o i e r  i pec t ra ,  
us ing  Eq. ( 4 ) .  Flame temperature was c a l c u l a t e d  
us inq  the  AFRPL I S P  computer proqram, which de te r -  
mines f lame temperature and e q u i i i b r i u m  concentra- 
t i o n  of 26 f lame soecies us ina  uDdated JANNAFthermo- 
chemical constants: Ca lcu la ted  f lame temperatures 
had a s t rong  dependence on the  n i t r o g e n  f low r a t e .  
The data o f  F ia .  4 i n d i c a t e s  a d e f i n i t e  t r e n d  
o f  i nc reas ing  p a r t i c l e  s i z e  as h e i g h t  above the  
burner  i s  increased. A t h e o r e t i c a l  inc rease of 
p a r t i c l e  s i z e  with fuel-oxygen equivalence r a t i o  
has been pos tu la tedb,  bu t  no d e f i n i t e  t r e n d  was 
observed i n  t h i s  studv. A t v o i c a l  Dower sDectrum 
obta ined f o r  a l o c a t i b n  o f  0:5 cm above t h e  burner  
i s  shown i n  F i g .  6. While i n i t i a l  p a r t i c l e  forma- 
t i o n  and v i s i b l e  r a d i a t i o n  occurs a t  a h e i g h t  o f  
0.1 cm, s u f f i c i e n t  s igna l  t o  no i se  was n o t  achieved 
below a h e i g h t  o f  0.5 cm. Sca t te red  l i g h t  was a l s o  
n o t  v i s i b l e  through the  1.6 nm bandpass i n t e r f e r e n c e  
f i l t e r .  P a r t i c l e s  a t  these l o c a t i o n s  a re  b e l i e v e d  
t o  be too  s m a l l  t o  d e t e c t  w i t h  the DBS apparatus a t  
temDeratures o f  2200 OK. I t  i s  Dos tu la ted  bv t h i s  
au tho r  t h a t  t he  technique has a minimum de tec tab le  
p a r t i c l e  s i z e  due t o  p a r t i c l e  r a d i a t i o n .  
t i c l e  s i z e  decreases the  p a r t i c l e  r a d i a t i o n  e m i t t e d  
As par -  
decreases as d2 w h i l e  t h e  Rayleigh sca t te red  l i g h t  
decreases as d6. Th is  l i m i t a t i o n  w i l l  n o t  e x i s t  a t  
s u f f i c i e n t l y  low aerosol  temperatures. 
observed as s c a t t e r i n g  angle e inc reased from 250 t o  
600. Two i n c i d e n t  beams were focused w i t h i n  t h e  
foca l  volume o f  t he  d e t e c t i o n  svstem which was f i x e d .  
An increase i n  measured s p e c t r a l  h a l f w i d t h  was 
angles were made t o  compare w i t h  theory ,  which p re -  
d i c t s  a spec t ra l  ha l fw id th  inc rease o f  5.26. For  
t h e  var ious  f lame cond i t i ons  se lec ted ,  s p e c t r a l  
ha l fw id th  inc reased by fac to rs  between 3.3 and 4.2 
as e inc reased from 25O t o  60°. These l a r g e  mea- 
sured changes a re  f e l t  s u f f i c i e n t  t o  conf i rm t h a t  
t he  spectrum observed was broadened due t o  p a r t i c u -  
l a t e  Brownian mot ion.  The d i f f e r e n c e  between the-  
o r e t i c a l  and measured ang le  v a r i a t i o n  e f fec ts  i s  
be l i eved  due t o  dev ia t i ons  f rom monod ispers i ty .  I n  
fac t ,  t h e  d i f f e r e n c e s  between dua l  ang le  measure- 
ments and theo ry  a re  proposed as a poss ib le  tech-  
nique t o  determine the  p a r t i c l e  s i z e  d i s t r i b u t i o n l o .  
carbon D a r t i c u l a t e s  samoled on a Nichrome w i r e  a t  
E lec t ron  microscope photographs were taken o f  
3 cm above t h e  burner.  ' A  t y p i c a l  example i s  shown 
i n  F ig .  5. P a r t i c u l a t e s  were observed t o  be i n  the  
200 nm range, agreeing rough ly  w i t h  LDS r e s u l t s .  
The scannina e l e c t r o n  microscooe used was n o t  cap- 
ab le  o f  r e s o l v i n g  p a r t i c l e s  sma l le r  than 50 nm i n  
t h i s  sample. 
Other  f a c t o r s  can c o n t r i b u t e  t o  t h e  broadening 
o f  t h e  homodyne power spectrum and thereby l i m i t  
t h e  a p p l i c a b i l i t y  o f  t h e  DBS technique. Time of  
f l i g h t  broadening has been e x t e n s i v e l y  reviewed i n  
t h e  l i t e r a t u r e  s ince  i t  a ives  r i s e  t o  armarent 
tu rbu lence i n  laminar  f l o w  systems. Time o f  f l i g h t  
broadening a r i s e s  due t o  t h e  f i n i t e  d u r a t i o n  of  t h e  
s c a t t e r e d ~ s i g n a l  from each p a r t i c l e  as i t  t raverses  
t h e  l a s e r  beam. The F o u r i e r  t r a n s f o r m  of a f i n i t e  
s i n e  wave i s  n o t  a d e l t a  f u n c t i o n  b u t  has a Guas- 
~ ~~~ ~ ~ 
s i a n  p r o f i l e .  
p a r t i c l e  s i g n a l s ,  each o f  f i n i t e  d u r a t i o n  and of  
Superpos i t ion  o f  many simultaneous 
random phase. r e s u l t s  i n  a homodyne s p e c t r a l  h a l f -  
w i d t h  o f :  
where U i s  t h e  f l o w  v e l o c i t y  and a i s  t h e  l o c a l  
beam diameter r e s u l t i n g  f rom focussing l a s e r  beam 
o f  diameter D w i t h  a l e n s  o f  f o c a l  l e n g t h  F. 
measure p a r t i c l e  s i z e  i n  h i g h  v e l o c i t y  f l o w  f i e l d s ,  
t i m e - o f - f l i g h t  broadening i s  minimized by i n c r e a s -  
i n g  t h e  l a s e r  beam diameter, and thus  s a c r i f i c i n g  
s p a t i a l  r e s o l u t i o n .  
maximum v e l o c i t y  aerosol  measurable w i t h  DBS i s  
c a l c u l a t e d  by i n s u r i n g  t h a t  c o l l i s i o n a l  broadening, 
g iven  by Eq. ( 4 )  exceeds TOF broadening, Eq. (6) 
by a t  l e a s t  a f a c t o r  o f  f o u r  y i e l d i n g :  
To 
F o r  t h e  case o f  r o c k e t  exhaust plumes t h e  
Umax ( M I S )  = 0.00486 (7)  
For a t y p i c a l  r o c k e t  exhaust v e l o c i t y  of  1000 
M I S ,  a l a s e r  beam diameter o f  2 cm i s  r e q u i r e d  t o  
measure p a r t i c l e s  i n  t h e  1.0-100 nm range. 
c a l c u l a t i o n  assumes 180° backscat te r  u s i n g  an argon 
l a s e r  and 2000° plume temperature. 
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Figure 4. Measured P a r t i c l e  Diameter 
F igu re  5.  E lec t ron  Micrograph o f  P a r t i c u l a t e s  
( I n d i c a t o r  Width = 200 nm) 
